An uncharacterized gene from Thermus thermophilus, thought to encode a mannose-6-phosphate isomerase, was cloned and expressed in Escherichia coli. The maximal activity of the recombinant enzyme for L-ribulose isomerization was observed at pH 7.0 and 75°C in the presence of 0.5 mM Cu 2؉ . Among all of the pentoses and hexoses evaluated, the enzyme exhibited the highest activity for the conversion of L-ribulose to L-ribose, a potential starting material for many L-nucleoside-based pharmaceutical compounds. The active-site residues, predicted according to a homology-based model, were separately replaced with Ala. The residue at position 142 was correlated with an increase in L-ribulose isomerization activity. The R142N mutant showed the highest activity among mutants modified with Ala, Glu, Tyr, Lys, Asn, or Gln. The specific activity and catalytic efficiency (k cat /K m ) for L-ribulose using the R142N mutant were 1.4-and 1.6-fold higher than those of the wild-type enzyme, respectively. The k cat /K m of the R142N mutant was 3.8-fold higher than that of Geobacillus thermodenitrificans mannose-6-phosphate isomerase, which exhibited the highest activity to date for the previously reported k cat /K m . The R142N mutant enzyme produced 213 g/liter L-ribose from 300 g/liter L-ribulose for 2 h, with a volumetric productivity of 107 g liter ؊1 h ؊1 , which was 1.5-fold higher than that of the wild-type enzyme.
Optically pure carbohydrates are important precursors for pharmaceutical, food, and agrochemical products (22) . Among carbohydrates, L-enantiomers have been widely used as antiviral nucleoside analogue drugs in the treatment of severe viral diseases due to their potent biological activities and lower toxicity than the corresponding D-nucleosides (3) . L-Ribose, a pentose sugar, can be used as a precursor for the synthesis of antiviral drugs, such as L-nucleoside derivatives (2, 5, 14) . LRibose can be synthesized by chemical methods from L-arabinose (1, 6, 9) , L-xylose (13) , D-glucose (15) , D-galactose (19) , D-ribose (26) , or D-mannono-1,4-lactone (20) . However, chemical synthesis has several disadvantages, including multiple steps, by-product formation, and chemical waste production.
Recently, the enzymatic production of L-ribose has been investigated using L-arabinose (7) or L-ribulose (25) . L-Ribose has been produced primarily from the cheap sugar L-arabinose because L-ribulose is an expensive sugar. An L-arabinose isomerase mutant of Escherichia coli (4) and a D-xylose isomerase mutant of Actinoplanes missouriensis (17) converted Larabinose to L-ribose by a two-step isomerization reaction with low productivity. A recombinant E. coli strain containing Larabinose isomerase and L-ribose isomerase (7) and purified L-arabinose isomerase and mannose-6-phosphate isomerase from Geobacillus thermodenitrificans (24) were used to produce L-ribose from L-arabinose via L-ribulose with high productivity.
However, a rate-limiting step in the two enzyme systems is the conversion of L-ribulose to L-ribose using L-ribose isomerase (7, 12) or mannose-6-phosphate isomerase (23) (24) (25) . Thus, biotechnological production of L-ribose has been focused on these enzymes.
Mannose-6-phosphate isomerase from G. thermodenitrificans exhibits the highest activity to date for L-ribose production. Greater efficiency can be attained only through the discovery or synthesis of L-ribose-producing enzymes with higher k cat /K m . Increases in the k cat /K m ratio can be realized by genetic improvements via directed evolution and by structural modification of the determinant residues at or near the active site, based on homology models or the determined structure of the enzymes.
In this study, the activities of a recombinant mannose-6-phosphate isomerase from Thermus thermophilus with different metal ions, pHs, and temperatures for L-ribulose isomerization and its substrate specificities for various aldoses and ketoses were characterized. Mutational analyses were performed with predicted active-site residues obtained from homology studies; the R142N mutant was selected as an effective L-ribose producer. The specific activity, k cat /K m , and conversion for L-ribulose using the R142N mutant were determined. , to the purified enzyme after treatment with 10 mM EDTA, followed by dialysis at 4°C for 16 h against distilled water. The reactions were performed in 50 mM PIPES buffer (pH 7.0) containing 10 U/ml of enzyme and 0.5 mM metal ion at 75°C for 5 min. The effect of the concentration of Cu 2ϩ was investigated in the range of 0 to 2 mM. To examine the effects of pH and temperature on the activity of T. thermophilus mannose-6-phosphate isomerase, the pH was varied from 6.5 to 8.5 using 50 mM PIPES buffer (pH 6.5 to 7.5) and 50 mM N-(2-hyroxyethyl)piperazine-NЈ-(3-propanesulfonic acid) (EPPS) buffer (pH 7.5 to 8.5), and the temperature was varied from 70 to 90°C. The influence of the temperature on enzyme stability was monitored at temperatures from 65 to 85°C at pH 7.0. The experimental data for thermal deactivation of enzymes were fitted to a first-order curve, and the half-life of the enzyme was calculated using SigmaPlot 10.0 software (Systat Software, San Jose, CA).
MATERIALS AND METHODS

Materials
Comparative homology modeling. Homology modeling of the T. thermophilus mannose-6-phosphate isomerase was performed using Discovery Studio 2.5 (Accelrys, San Diego, CA) based on the X-ray structure of mannose-6-phosphate isomerase from Bacillus subtilis (Protein Data Bank [PDB] entry 1QWR). The homologous search and sequence alignment were conducted using sequence analysis and multiple-sequence alignment modules, respectively. Based on the optimized alignment, 5 comparative models of the target sequence were conducted with MODELLER (11) by applying the default model-building routine "model" with fast refinement. This procedure has an advantage in that one can select the best model from several candidates. Furthermore, the variability among the models can be used to evaluate modeling reliability. Energy minimization was performed using the consistent valence force field and the Discover program with the steepest descent and conjugated gradient algorithms. The qualities of these models were analyzed with PROCHECK (10). L-Ribulose was docked in the model of T. thermophilus mannose-6-phosphate isomerase using the Surflex docking program (Tripos, St. Louis, MO) (8) . The active site was defined as a collection of amino acid residues enclosed within a sphere of 4.5-Å radius centered on the substrate binding site. Each docking run consisted of 100 independent docks with 1,000 iteration cycles. A random start was used to generate the substrate position within the docking box. The substrate orientation giving the lowest interaction energy was chosen for additional rounds of docking.
Analytical methods. The concentrations of monosaccharides were determined with a Bio-LC system (ICS-3000; Dionex, Sunnyvale, CA) with an electrochemical detector using a CarboPac PA1 column. The column was eluted at 30°C with 200 mM sodium hydroxide at a flow rate of 1 ml/min.
RESULTS AND DISCUSSION
Amino acid sequence alignment, purification, and molecular mass determination of mannose-6-phosphate isomerase from T. thermophilus. A BLAST search of mannose-6-phosphate isomerase from T. thermophilus revealed relatively low amino acid sequence identities of 34, 27, 15, 13, and 15% relative to the characterized mannose-6-phosphate isomerases from B. subtilis (23) , G. thermodenitrificans (25) , Salmonella enterica serovar Typhimurium (16), Candida albicans (21) , and Homo sapiens (18) , respectively.
The mannose-6-phosphate isomerase from T. thermophilus was purified, with a final purification of 30-fold, a yield of 30%, and a specific activity of 25 U/mg. The subunit molecular mass of the purified enzyme was approximately 29 kDa, as determined by SDS-PAGE (see Fig. S1 in the supplemental material), which is in good agreement with the value of 29,054 Da calculated with the Compute pI/M w software. Based on the reference protein masses, the native enzyme existed as a monomer with a molecular mass of 29 kDa, as determined by gel filtration chromatography, using a Sephacryl S-300 HR 16/60 column (see Fig. S3 in the supplemental material). The molecular mass of mannose-6-phosphate isomerase from T. thermophilus differed significantly from those from G. thermodenitrificans (25) , B. subtilis (23) , Salmonella Typhimurium (16), C. albicans (21) , and H. sapiens (18) , which are 36,452, 36,444, 42,591, 48,867, and 46,656 Da, respectively.
Effects of metal ions, pH, and temperature on the activity of mannose-6-phosphate isomerase from T. thermophilus. Mannose-6-phosphate isomerases are metalloenzymes that require a divalent ion metal cofactor, such as a cobalt ion, for sugar isomerization (23, 25) . After the removal of metal ions by treatment with EDTA, the relative activity was 12% of that prior to EDTA treatment (Fig. 1) ions enhanced the activity of L-ribulose isomerization by T. thermophilus mannose-6-phosphate isomerase, whereas the addition of Fe 2ϩ ion inhibited the activity. Among the metal ions tested, Cu 2ϩ was the most effective, with an optimal concentration of 0.5 mM (see Fig. S4 in the supplemental material).
The effects of pH and temperature on enzyme activity were also investigated, and maximal activity for L-ribulose was observed at pH 7.0 and 75°C (see Fig. S5 and S6 in the supplemental material). The enzyme displayed first-order kinetics of thermal inactivation, with half-lives of 22, 10, 5.5, 2.1, and 0.3 h at 65, 70, 75, 80, and 85°C, respectively (Fig. 2) .
Substrate specificity of mannose-6-phosphate isomerase from T. thermophilus. The specific activity of the enzyme was investigated with all pentoses and hexoses. Among the aldose substrates, the specific activity was highest for D-talose, followed by D-mannose, L-allose, L-ribose, D-lyxose, D-allose, Ltalose, D-ribose, L-lyxose, and L-mannose (Table 1 ). The products formed from different substrates were analyzed with a Bio-LC system using a CarboPac PA1 column and showed the same retention times as the monosaccharide standards. Among the ketose substrates, the highest specific activity was The k cat /K m of the enzyme for mannose-6-phosphate was 6,685 mM Ϫ1 s Ϫ1 and was 18-fold higher than that for L-ribulose (374 mM Ϫ1 s Ϫ1 ), indicating that the enzyme is a true mannose-6-phosphate isomerase and that mannose-6-phosphate is the authentic substrate of the enzyme.
Selection of residues related to increased activity of L-ribulose isomerization by molecular modeling and Ala substitution. The homology model for the active site for mannose-6-phosphate isomerase from T. thermophilus was generated based on sequence alignment with the known structure of B. subtilis mannose-6-phosphate isomerase (PDB entry 1QWR). Although the level of sequence identity between mannose-6-phosphate isomerases from T. thermophilus and B. subtilis was relatively low (34% identity and 58% similarity), the suggested metal-binding sites (H50, E67, H122, and E132 of T. thermophilus mannose-6-phosphate isomerase) of two enzymes were absolutely conserved, as shown in Fig. 3A . The Ala substitution of the metal-binding site of T. thermophilus mannose-6-phosphate isomerase exhibited no activity for L-ribulose (Table 2), suggesting that the metal-binding site was involved in the active site. Moreover, the active-site residues around the substrate, such as R11, W13, L18, K37, L39, Q48, H50, K65, E67, W69, H122, L124, E132, D138, and R142, which were identified within a sphere of 4.5-Å radius centered on the substrate binding pocket by the homology model (Fig. 3B),   FIG. 1 . Effects of metal ions on the activity of T. thermophilus mannose-6-phosphate isomerase. The reactions were performed in 50 mM PIPES buffer (pH 7.0) containing 10 mM L-ribulose, 10 U/ml of enzyme, and 0.5 mM each metal ion at 75°C for 5 min. The control was the purified enzyme without treatment with EDTA. The data represent the means of three experiments, and the error bars represent standard deviations.
FIG. 2. Thermal inactivation of the activity of mannose-6-phosphate isomerase from T. thermophilus at temperatures of 65 (F), 70 (f), 75 (OE), 80 (E), and 85°C (Ⅺ).
A sample was withdrawn at each time interval, and the relative activity was determined in 50 mM PIPES buffer (pH 7.0) containing 10 mM L-ribulose, 10 U/ml of enzyme, and 0.5 mM Cu 2ϩ at 75°C for 5 min. The data represent the means of three experiments, and the error bars represent standard deviations. were completely conserved, except R11 and Q48. Thus, the active-site structure of the homology model, including the metal-binding site and position 142, was used in docking studies, and these 15 residues were selected as candidate residues related to the increase in L-ribulose isomerization activity. The 15 proposed residues were each replaced separately with Ala. The wild-type and all mutant enzymes were expressed and purified by His trap chromatography as a single band with a molecular mass of approximately 29 kDa (data not shown). The specific activities of the wild-type and mutant enzymes for L-ribulose are shown in Table 2 . The mutant enzymes of the suggested metal-binding site (H50A, E67A, H122A, and E132A) have no activity for L-ribulose. The activities of the other mutant enzymes for L-ribulose decreased, with the exception of the R142A mutant, which exhibited an activity 1.2-fold higher than that of the wild-type enzyme. These results suggested that the amino acid at position 142 was related to the observed increase in L-ribulose isomerization activity.
Kinetic analysis of the wild-type and R142N mutant mannose-6-phosphate isomerases from T. thermophilus. The Arg residue at position 142 of the mannose-6-phosphate isomerase from T. thermophilus was replaced separately with the nonpolar aliphatic residue Ala, the polar uncharged residues Asn and
FIG. 3. (A) Alignment of amino acid sequences of mannose-6-phosphate isomerases from T. thermophilus (TTMPI) and B. subtilis (BSMPI).
The GenBank accession numbers of the mannose-6-phosphate isomerases of T. thermophilus and B. subtilis are AP008226 and BAA08088, respectively. The putative residues are in boldface, the conserved metal-binding residues are highlighted with a gray background, and the residue at position 142 is highlighted with a black background. The positions of the15 active-site residues within a sphere of 4.5-Å radius centered on the substrate binding pocket are numbered on the amino acid sequences. Dashes, asterisks, colons, and periods indicate deletions, identities, conserved substitutions, and semiconserved substitutions, respectively. (B) Docking of L-ribulose into the active site of the wild-type and mutant enzymes. The yellow, blue, and red sticks represent L-ribulose as a substrate and arginine and asparagine residues at position 142, respectively. The dashed line is the distance between residue and substrate.
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Gln, the aromatic residue Tyr, the negatively charged residue Glu, and the positively charged residue Lys. Expression of the wild-type and mutant enzymes was purified by His trap chromatography and confirmed by SDS-PAGE (see Fig. S2 in the supplemental material). The specific activities and kinetic parameters of L-ribulose isomerization with the wild-type and mutant enzymes at position 142 are presented in Table 3 . The highest specific activity and k cat /K m was observed with the R142N mutant, suggesting that the R142N mutant was the most efficient producer of L-ribose. In the molecular model, position 142 is located near the 5-OH of L-ribulose when the substrate is docked in the activesite pocket (Fig. 3) . The distance from the 5-OH of L-ribulose to the side chain of the Arg residue (5.6 Å) in the wild-type enzyme was longer than the distance to the side chain of the Asn residue in the R142N mutant (3.8 Å). This shorter distance may explain the enhanced k cat /K m for L-ribulose over the wild-type enzyme.
The (23, 25) . The R142N mutant exhibited the highest catalytic efficiency for L-ribulose among all of the L-ribose-converting enzymes.
L-Ribose production from L-ribulose by mannose-6-phosphate isomerase from T. thermophilus. For practical biotechnological applications, time-course reactions of L-ribose production by the purified wild-type and R142N mutant enzymes (see Fig. S7 in the supplemental material) were performed with the high concentration of L-ribulose with 0.5 mM Cu 2ϩ at 70°C and pH 7.0 for 3 h (Fig. 4) . The concentrations of substrate and enzyme in the reaction mixtures were optimized at 300 g/liter L-ribulose and 2 mg/ml, respectively (see Fig. S8 and S9 in the supplemental material). As a result, 213 g/liter Lribose was obtained from 300 g/liter L-ribulose using the wildtype enzyme after 3 h, with a conversion yield of 70% and a volumetric productivity of 71 g liter Ϫ1 h Ϫ1 , and the same concentration of L-ribose was obtained from 300 g/liter L-ribulose using the R142N mutant enzyme after 120 min, with a volumetric productivity of 107 g liter Ϫ1 h Ϫ1 , which was 1.5-fold higher than that using the wild-type enzyme.
In summary, a previously uncharacterized gene from T. thermophilus, thought to encode a mannose-6-phosphate isomerase, was cloned and expressed in E. coli. The R142N mutant, which exhibited an enhanced activity of L-ribulose isomerization over the wild-type enzyme, was obtained using molecular modeling and site-directed mutagenesis. The k cat /K m of the R142N mutant was 1.6-fold higher than that of the wild-type enzyme and was 3.8-fold higher than that of G. thermodenitrificans mannose-6-phosphate isomerase, which had previously exhibited the highest reported k cat /K m . These results suggest that the R142N mutant of T. thermophilus mannose-6-phosphate may be useful for the industrial production of L-ribose. a The data represent the means and standard deviations from three separate experiments. The reactions were performed in 50 mM PIPES buffer (pH 7.0) containing 10 mM L-ribulose and 0.5 mM Cu 2ϩ at 75°C for 5 min by adjusting the enzyme amount (1 to 100 U/ml). ND, specific activity was not detected by the analytical methods in this study. 
